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Introduction
The Centers for Disease Control and Prevention estimate that between 1.4 and 3.8 millions of mild traumatic brain injuries (mTBI) occur annually in the USA (Rutland-Brown et al., 2006) .
Although mTBI has been long considered a short-lasting "minor" injury, current literature suggests that it may involve a clinically silent pathological process that is related to subclinical neurophysiologic and neurometabolic changes. An increasing number of studies have revealed the long term impact of mTBI or concussion since the discovery of a possible link between multiple mTBIs and the development of neurodegenerative diseases (Bazarian et al., 2009) , such as Alzheimer`s disease (Guskiewicz et al., 2005; McCrory, 2011; Mortimer et al., 1985; Plassman et al., 2000) , chronic traumatic encephalopathy (Cantu, 2007; McCrory et al., 2007) and amyotrophic lateral sclerosis (Piazza et al., 2004) . Therefore, there is a need to better understand both the subacute and chronic impacts of mTBI on brain physiology to fully appreciate the timeline of the changes occurring in the brain following injury.
Insight from animal studies suggest that a complex neurometabolic cascade of events occurs in the brain in the acute/subacute phase following mTBI that involves NDMA receptors, ion channels and glutamate release (Giza & Hovda, 2001) . In healthy humans, transcranial magnetic stimulation (TMS) has been used to non-invasively assess the neurophysiological impact of mTBI as it allows precise quantification of inhibitory and excitatory systems within primary motor cortex (M1; Hallet, 2007) . Using this method in TBI, previous studies have shown sometimes long-lasting disruptions in M1 inhibitory/excitatory balance, usually taking the form of increased intracortical inhibition/reduced intracortical facilitation (Chistyakov et al., 2001; De Beaumont et al., 2007 Miller et al., 2014; Pearce et al., 2014a; Powers et al. 2014 ; but see Tremblay et al., 2014; Pearce et al., 2014b) Moreover, chronic alterations in synaptic plasticity, possibly reflecting faulty long term potentiation (LTP) -and long term depression (LTD) -like mechanisms were found after multiple concussions, and were associated with intracortical inhibition abnormalities (De Beaumont et al., 2012) . Taken together, these studies suggest the presence of impaired balance between primary motor cortex excitatory and inhibitory mechanisms following mTBI both in the subacute and chronic phases, which may be related to abnormal M1 plasticity.
To our knowledge, the integrity of synaptic plasticity mechanisms following human mTBI in the subacute phase has yet to be investigated. This is of major importance since impairments in M1 plasticity could prevent adaptive plastic changes to occur following injury and may themselves be the cause of pathological processes and functional disability. Continuous thetaburst stimulation (cTBS) is a repeated TMS protocol that induces long lasting reduction of corticospinal excitability and allows non-invasive and rapid assessment of motor cortex plasticity (Huang et al., 2005) . Continuous TBS is thought to involve several neural mechanisms including long-term depression (LTD), and inhibitory mechanisms modulated by GABAergic transmission (Cárdenas-Morales et al., 2010) . Continuous TBS can therefore provide important insight into the synaptic plasticity changes that may occur shortly after mild head trauma. The objective of the present proof-of-principle, case-series study was to provide preliminary evidence that cTBS can be safely and efficiently applied in the subacute phase of mTBI to assess the integrity of synaptic plasticity mechanisms in primary motor cortex.
Methods
Participants
Case 1. This 44 year-old right-handed man was playing soccer when he sustained a head to head collision with another player and then hit the ground with his head. There was loss of consciousness (LOC) for about 90 seconds, followed by confusion, blurred vision, agitation and about 1-2 minutes of retrograde and 3-4 minutes of anterograde post-traumatic amnesia (PTA).
The symptoms resolved approximately 20 minutes after the event at which point his physical and neurological exams were normal, and remained normal 10 days later. He was diagnosed with a Grade 3 concussion according to the American Academy of Neurology classification (1997). She had a past medical history of attention deficit and hyperactivity disorder (ADHD) for which she was taking psychostimulant medication. She stopped taking the medication three weeks prior to the experimentation. Her past medical history, review of system and family history were otherwise negative.
Case 3. This is a 22 year-old left-handed woman who was involved in a collision with a skateboarder while she was on her bike. Following the impact, she flew over the handle bar. The front of her helmet broke and she sustained a left pre-orbital ecchymosis. The duration of the LOC is unknown. She experienced confusion and retrograde PTA for about 30 sec and anterograde amnesia for approximately 30 min. She has a past medical history of migraine.
During a few days following the accident, she experienced some word finding difficulties but she did not report any increase in the frequency of her migraine or changes in her concentration. Her physical and neurological examinations were normal. She was diagnosed with a Grade 3 concussion according to the American Academy of Neurology classification (1997). She was not taking any drugs known to alter brain excitability, plasticity, or excitation/inhibition balance. Her past medical history, review of system and family history were negative.
Case 4. This is a 28 year-old right-handed woman who was involved in a car-pedestrian collision.
The presence of LOC is unknown and there was no report of anterograde/retrograde PTA.
Following the incident, she experienced increased intensity and frequency of headaches. Her neurological and physical exams were normal. She was diagnosed with a Grade 2 concussion according to the American Academy of Neurology classification ( 1997) . A computedtomography scan (CT-scan) of her head revealed a small right parietal subgaleal scalp hematoma along the vertex with no underlying fracture. She was not taking any drugs known to alter brain excitability, plasticity, or excitation/inhibition balance. Her past medical history, review of system and family history were negative.
Case 5. This is a 22 year-old left-handed woman who was involved in a work incident during which she was hit by a stack of plates on the left post-aural region by a co-worker. There is no report of LOC or anterograde/retrograde PTA. However, she experienced dizziness and nausea after the incident, and headaches for several days post-injury. No intracerebral anomalies were observed on the CT-scan. Her neurological and physical exams were normal. She was diagnosed with a Grade 2 concussion according to the American Academy of Neurology classification (1997). She was not taking any drugs known to alter brain excitability, plasticity, or excitation/inhibition balance. Her past medical history, review of system and family history were negative.
Procedure
All participants were seen within two weeks post-mTBI (M= 14 ± 3 days) and again approximately six weeks post-injury (separated by 61 ± 19 days). All participants were first seen by a neurologist and had to meet the concussion criteria of the American Academy of Neurology (Neurology, 1997) . All participants completed the TMS safety questionnaire (Rossi et al., 2011) prior to testing to screen for possible contraindications. On visit 1, a brain magnetic resonance imaging (MRI) exam was performed, followed by baseline measures of TMS and the cTBS procedure. On visit 2, TMS and cTBS procedures were repeated. All participants gave their written informed consent for the study, which had been approved by the Institutional Review
Board of Beth Israel Deaconess Medical Center.
TMS recordings
All participants underwent an anatomical brain MRI, using a 3-Tesla GE scanner, to rule out structural lesions and to generate high-resolution images to guide magnetic stimulation. 
TMS measurements
Participants were seated in a comfortable chair, with a head rest, and with their elbows flexed at approximately 90° and their hands resting on their laps. The optimal scalp location for activation of the right FDI using TMS over left primary motor cortex (M1) was determined as the location from which TMS-induced motor evoked potentials (MEPs) of maximum peak-to-peak amplitude in the right FDI. Once the optimal location was identified, a marker was placed on the MRI scan to which the individual participant was registered using the eXimia navigated brain stimulation (NBS) system. This allowed the TMS coil to be placed systematically in the same location, orientation and tilt throughout each session.
Motor threshold (MT) was determined according to the recommendations of the International
Federation for Clinical Neurophysiology (Rossini et al., 1994) . Single TMS pulses were delivered over the optimal scalp position at supra-threshold intensity and gradually reduced by decrements of 2% of stimulator output. Resting MT (RMT) was defined, with the Nexstim stimulator used for single-pulse TMS, as the lowest stimulus intensity capable of inducing MEPs ≥ 50 µV peakto-peak amplitude in at least 5 of 10 consecutive trials. EMG monitoring was performed to assure that the target muscle was at rest. Prior to cTBS, active MT (AMT) was determined, and defined as the minimum single-pulse TMS intensity required to produce MEPs ≥ 200 µV in at least 5 of 10 consecutive trials while participants contracted the target muscle (contralateral FDI) at approximately 20% of maximal voluntary contraction. In order to control for prior motor contraction during the measurement of AMT, participants were asked to contract the FDI muscle approximately 2 s prior to each TMS pulse and to relax it about 1 s after each TMS pulse, for at least 3 s. The cTBS protocol was applied approximately 1 min after the end of the AMT measurement procedures; the experimenters monitored the relaxation of hand muscles continuously during and after the stimulation.
cTBS procotol
Continuous TBS was applied using parameters similar to those used by Huang et al. (Huang et al., 2005) : three pulses at 50 Hz, with an interval of 200 ms between the last pulse of a triplet and the first pulse of a triplet (i.e. with an interstimulus interval of 240 ms), for a total number of 600 pulses. Thus, in the present cTBS paradigm, the triplet repetition rate was about 4.17 Hz instead of 5 Hz, both frequencies being included in the theta band. The intensity was fixed at 80% of AMT. This paradigm was recently shown to induce significant suppression of MEPs in healthy controls (see Vernet et al., 2014) . Before cTBS, two to three batches of 20 to 30 MEPs (60 in total) were acquired in response to stimulation over the optimal FDI location, at an intensity of 120% of RMT and a rate of approximately 0.1 Hz (a random jitter of ±1 s was introduced to avoid any training effects). Such measures allow verifying for stability of the pre-cTBS measure of excitability; moreover, the second batch was used as the baseline to which the post-cTBS measures of excitability were compared. Following cTBS, a single batch of MEPs was measured immediately after (T0) and then at 5, 10, 20, 30, 40, 50, 60, 75 and 90 min following cTBS to track changes in amplitude over time.
Data analysis
MEP peak-to-peak amplitude was automatically determined using the Nexstim Neurophysiologic Analysis software and then visually inspected. Mean raw MEP peak-to-peak amplitudes for each time points were used for analysis. Paired-sample t-tests were conducted to assess the reproducibility of baseline MEP amplitude. A within subject repeated measure multivariate analysis of variance (MANOVA) was used to compare the impact of cTBS on MEP amplitude over time, using session (session 1 and 2) and MEP measures (11 time points) as within-group factors. Paired-sample t-tests were used to identify the effect of cTBS at the different time points in comparison to the baseline MEP measure. The critical p-value was set to 0.05. Because of the very small sample and the exploratory purpose of the present case report, no correction for multiple comparisons was applied. One participant (case 4) did not come to the second session.
For statistical analyses, the missing data were replaced by the average data from the 4 other cases. All analyses were performed on raw TMS data. All statistical tests were two-tailed and performed using the Statistical Package for the Social Sciences version 21.
Results
A questionnaire was used at the beginning and at the end of each session to evaluate the presence of pain and discomfort. Two patients reported the presence of mild discomfort during the procedure. Case 2 reported, at the beginning of session 1, mild headache, for which acetaminophen was given and, at the end of session, mild neck pain. Again, at the beginning of session 2, Case 2 reported mild headache and trouble concentrating and, at the end of session 2, a mild neck pain in addition to those symptoms. Case 3 reported mild neck pain at the beginning and at the end of both sessions. Thus, the only side-effect associated with the procedure was a mild neck pain for Case 2.
Raw tracings showing average MEP at both time points following concussion in a patient are shown in Figure 1 . A paired-sample t-test revealed no significant difference between baseline MEP measures from both sessions (t (4) = .07, p = .94). The MEP response profiles in the two sessions were not parallel as indicated by a significant [session x time] interaction (F=2.23, df=10, p<0.035) (Figure 1 ). Subsequent paired-sample t-tests revealed no significant reduction in the MEPs size compared to baseline at all time points for session 1 (Table 1) . A significant inhibition of the MEPs compared to baseline at T0, T5, T20, T50, T60, T75 and T90 was observed for session 2 (Table 2) . Individual data are shown in Figure 2 .
Discussion
The goal of this proof-of-principle study was to investigate the feasibility of using cTBS to evaluate plasticity changes in the subacute phases of mTBI. The protocol was well-tolerated by all participants but induced a mild side-effect (neck pain) in one out of 5 patients. Preliminary results suggest the presence of altered plasticity 2 weeks post-mTBI, as cTBS failed to elicit the usual suppression of MEPs post-stimulation, which could reflect altered M1 LTD-like mechanisms. Significant cTBS-related suppression of MEPs was observed 6 weeks post-mTBI suggesting a resolution of plasticity abnormalities beyond the acute phase.
A common observation following mTBI is the presence of altered M1 intracortical excitability in the acute/subacute (Chistyakov et al., 2001; Pearce et al., 2014b; Miller et al., 2014; Powers et al., 2014) and chronic (De Beaumont et al., 2007 Tremblay et al., 2011; Pearce et al., 2014b ) phases of injury. More specifically, increased intracortical inhibition (Chistyakov et al., 2001; Pearce et al., 2014b; Miller et al., 2014) and decreased intracortical facilitation (Powers et al., 2014) have been reported in the acute and subacute phases of mTBI.
Despite strong evidence suggesting inhibitory/excitatory imbalance in the primary motor cortex of individuals with mTBI, the duration of such effects is unclear. Pearce and collaborators (2014b) found increased GABA-related inhibition 48h and 96h after concussion that normalized 10 days post-injury, whereas Miller et al. (2014) reported similarly increased inhibition that lasted up to 2 months after the concussive event. Intracortical inhibition has also been reported to be increased 1-4 weeks (Powers et al., 2014) and 9 months after a concussion (De Beaumont et al., 2007) and within normal values 41 months post-injury (Tremblay et al., 2014) .
In the present study, we show reduced synaptic plasticity in the subacute phase as indexed by the response to cTBS, and that this this abnormality disappears six weeks post-injury. An association between abnormal intracortical excitability and aberrant synaptic plasticity has been previously shown in concussed athletes on average 14 months post-injury. De Beaumont et al. (2012) reported that increased silent period durations in concussed athletes, presumably reflecting faulty GABA B transmission, were negatively correlated with the level of synaptic plasticity induced with paired associative stimulation. In the present study, the hypoexcitatory or hyperinhibitory state of M1 intracortical networks could prevent the injured brain from responding adequately to the effects of cTBS and therefore be an accurate marker of early abnormal plasticity. The inability of the injured brain to respond to cTBS appears short-lived, however, which is in contradiction with the previous study by De Beaumont and collaborators (2012) who showed persistent motor cortex LTD-and LTP-like deficits in the chronic phase following sport concussion. This discrepancy could be explained by the fact that the current sample included 4 individuals with mTBI who did not have a history of multiple concussions (3 and over) and that were not subjected to recurrent sub-concussive blows through contact sports.
Additionally, the age of participants in the present study ranged from 22 to 44 years, which may be a confounding factor. Indeed, it has been shown that cTBS effects are modulated by age, where less motor cortex plasticity is oberved in older individuals (Freitas et al., 2011) , and older age has been associated with prolonged post-concussion symptoms (King et al., 2014) . It should finally be noted that TBI is a very heterogeneous condition and as such the present sample cannot be representative of the TBI population as a whole. Nevertheless, the present data show that TBS can be used safely to assess motor cortex plasticity in individuals with TBS. Studies with larger and more homogeneous samples are needed to determine the clinical usefulness of TBS for evaluating plastic changes related to TBI.
Animal studies have shown that bursts of 3-5 pulses at 50-100 Hz (theta rhythm) induce LTP/LTD when applied to the motor cortex or hippocampus (Hess & Donoghue, 1996; Larson, et al., 1986) . While the exact mechanism underlying the effects of cTBS on the human brain are still unknown, it has been suggested that MEP suppression following stimulation could be related to long-term depression (LTD)-like processes mediated by N-methyl-D-aspartate receptors (NMDA-r), as NMDA-r antogatonist memantine was shown to block the after effects of cTBS (Huang et al., 2007) . Modulation of GABA receptors (Thickbroom, 2007) and glutamate receptors (Glu-r) (Huang et al., 2007) has also been proposed as a possible mechanism explaining excitability changes following TBS. TBS could therefore target both excitatory and inhibitory networks within the human motor cortex (Cárdenas-Morales et al., 2010) . The present data are in line with this hypothesis since M1 alterations in glutamate (Babikian et al., 2006; Henry et al, 2010; Shutter et al., 2004) and abnormal interactions between M1 GABA and glutamate (Tremblay et al., 2014) have been shown in the acute/subacute and chronic phases of TBI and sport-related mTBI using magnetic resonance spectroscopy. Abnormal GABA and glutamate transmission could therefore partly explain the inhibitory/excitatory imbalance found in the motor cortex of individuals with mTBI and its associated effects on synaptic plasticity.
Continuous TBS has been used with various populations to non-invasively probe synaptic plasticity in the conscious human brain. This method has many advantages over other techniques such as its short application time (Huang et al., 2005) , low intensity of stimulation (Huang et al., 2005) and reasonable intra-subject reproducibility over two separate sessions (Vernet et al., 2014) . Recent studies, however, have reported inconsistent results with TBS, possibly due to important inter-subject variability. For example, Lopez-Alonso et al. (2014) found no significant changes in M1 corticospinal excitability following intermittent TBS (iTBS) in a sample of 56 healthy participants. A similar absence of significant modulation of excitability was reported for iTBS and cTBS in a sample of 52 healthy participants (Hamada et al., 2014) . In that study, only 25% of study participants had the expected response to iTBS (increased excitability) and cTBS (reduced excitability). Interestingly, the effects of TBS were correlated with the latency of TMSinduced MEPs when the TMS current was applied in the anterior-posterior direction (Hamada et al., 2014) . More specifically, only individuals in which MEP latency differences between anterior-posterior and latero-medial stimulation currents were important showed the "traditional" pattern of excitability increases/decreases following TBS. This suggests that MEP latency may serve as a way to predict in which individuals TBS is more likely to work and thus guide its therapeutic use.
In conclusion, as recent studies have suggested that altered metabolite interactions, faulty intracortical inhibition and reduced plasticity mechanisms within M1 could be key features of mTBI pathophysiology, the goal of the present proof-of-principle study was to determine whether cTBS could be used to assess the integrity of plasticity mechanisms in the subacute phase of mTBI. Results showed that cTBS is safe and can be effectively used in mTBI individuals.
Reduced LTD-like synaptic plasticity was found two weeks following injury and disappeared six weeks post-injury. Whether the altered LTD-like plasticity mechanisms seen in the subacute phase following mTBI is part of the pathophysiology of the injury or reflects a compensatory mechanism of short-duration needs to be assessed in larger prospective studies and compared to normative values. Furthermore, in light of the reported link between MEP latency and TBS effects (Hamada et al., 2014) , an important next step will be to determine to what extent changes in cortical excitability associated with TBS protocols in TBI patients reflect synaptic plasticity impairments. 
